The purpose of this commentary is to present recent epidemiological findings regarding work-related musculoskeletal disorders (WMSDs) of the hand and wrist, and to summarize experimental evidence of underlying tissue pathophysiology and sensorimotor changes in WMSDs. Sixty-five percent of the 333 800 newly reported cases of occupational illness in 2001 were attributed to repeated trauma. WMSDs of the hand and wrist are associated with the longest absences from work and are, therefore, associated with greater lost productivity and wages than those of other anatomical regions. Selected epidemiological studies of hand/wrist WMSDs published since 1998 are reviewed and summarized. Results from selected animal studies concerning underlying tissue pathophysiology in response to repetitive movement or tissue loading are reviewed and summarized. To the extent possible, corroborating evidence in human studies for various tissue pathomechanisms suggested in animal models is presented. Repetitive, handintensive movements, alone or in combination with other physical, nonphysical, and nonoccupational risk factors, contribute to the development of hand/wrist WMSDs. Possible pathophysiological mechanisms of tissue injury include inflammation followed by repair and/or fibrotic scarring, peripheral nerve injury, and central nervous system reorganization. Clinicians should consider all of these pathomechanisms when examining and treating patients with hand/wrist WMSDs.
wrist are associated with the longest absences from work 20 and are, therefore, associated with greater lost productivity and wages than those of other anatomical regions.
Epidemiological research associates the onset and severity of hand and wrist WMSDs with the performance of repetitive and forceful hand-intensive tasks. 17, 81, 116 These disorders are worsened by the performance of such tasks in the presence of awkward or extreme wrist and forearm postures, cold temperatures, and vibration. 17, 81 Workplace psychosocial factors as well as nonwork exposures also contribute to these disorders. 81 Doseresponse relationships between work task demands and upper extremity (UE) WMSDs are not clearly defined. For this reason, attempts to regulate workplace exposures are surrounded by controversy. Lack of clarity concerning the underlying pathophysiological mechanisms of WMSDs results in rehabilitation programs that are not focused, which makes their efficacy difficult to evaluate.
Physical therapists are among those health care providers who not only treat WMSDs, but also advise patients and their employers on safe work practices. It is imperative that such recommendations be based on the best evidence available concerning work-place and nonworkplace risk factors, as well as tissue effects and the behavioral indicators of underlying pathophysiology. The purpose of this commentary is to present recent epidemiological findings regarding WMSDs of the hand and wrist and to summarize experimental evidence of underlying tissue pathophysiology and sensorimotor changes in WMSDs.
EPIDEMIOLOGY OF HAND AND WRIST WMSDs
In 2001, service industries reported the highest proportion of WMSDs (25.8% of WMSD cases), followed by manufacturing industries (22.9% of WMSD cases). Data from the US Department of Labor, Bureau of Labor Statistics 20 show that newly reported illnesses due to repeated trauma have represented about 4% of all injuries and illnesses since their peak number in 1993. Among the top 10 industries reporting WMSDs, 20 half (ie, assemblers, construction laborers, supervisors in sales, carpenters, and cashiers) are prone to develop UE WMSDs through the use of hand tools or the performance of hand-intensive tasks. Illnesses due to repetitive motion resulted in the longest absences from work in 2001-a median of 18 days. 20 Carpal tunnel syndrome (CTS), caused by compression of the median nerve in the carpal tunnel with subsequent loss of sensorimotor function along the median nerve distribution, was associated with the highest median days away from work (25 days) , and injuries to the wrist in general resulted in a median of 13 days away from work. 20 Of the 355 344 cases of injury or illness of the UE in 2001, 33 431 were sprains or strains of the hand, wrist, or fingers. 20 There were 26 794 cases of CTS, the most frequently reported occupational neuritis. Tendinitis cases of the hand and wrist (eg, DeQuervain's tenosynovitis) or fingers (eg, trigger finger) numbered 4 896 in 2001. 20 WMSDs of the hand and wrist represent a substantial burden to the US workplace.
Two comprehensive reviews of the literature concerning WMSDs have been completed since 1997 with the purpose of determining causality and identifying gaps in epidemiological, experimental, and clinical research. A review undertaken by the National Institute for Occupational Safety and Health included over 600 epidemiological studies concerning WMSDs of the neck, UE, and low back dating from the 1970s to the mid-1990s. 17 The summary of this review states that there was strong evidence for a relationship between exposure to combinations of force and repetition, or force and posture, and development of CTS. This review also provides evidence for a relationship between exposure to combinations of force and repetition, and development of hand/wrist tendinitis. There was evidence for a relationship between cumulative exposure to force, repetition or hand/wrist vibration, and CTS; and to force, repetition, or awkward postures, and hand/ wrist tendinitis. There was insufficient evidence to determine the role of awkward postures in the development of CTS.
Amid concerns that the National Institute for Occupational Safety and Health (NIOSH) review may have been biased in light of efforts at the time to regulate WMSDs through an Occupational Safety and Health Administration (OSHA) work rule, NIOSH charged the National Research Council (NRC) and the Institute of Medicine to conduct a second, more comprehensive review of the literature. The NRC review includes studies from the late 1970s to the late 1990s that examined tissue pathophysiology, mechanical, organizational, and psychosocial risk factors, and clinical interventions for WMSDs of the UE and low back. 81 The overall conclusions from the NRC review were essentially the same as those of the NIOSH review: evidence supports associations between workplace physical and psychosocial exposures and UE WMSDs. Detailed summaries of the studies reviewed by NIOSH and the NRC will not be repeated here. The interested reader is encouraged to consult these documents and their extensive bibliographies.
Both the NIOSH and NRC reviews identified gaps in the literature with the hope of guiding future research. In recent years, investigators have begun to address some of these issues. For this commentary, only epidemiological studies concerning CTS or hand/wrist disorders published since 1998 were selected to illustrate this progress, and they are summarized in Tables 1 and 2 . Despite some variation and even disagreement among these studies, a causal relationship is apparent between prolonged exposure to repetitive and forceful hand-intensive tasks, highly repetitive hand-intensive tasks, vibration, psychosocial stress at work, and the development of CTS or other hand/wrist WMSDs. 1, 40, 53, 66, 85, 97, 100, 109 In addition, concurrent, comorbid medical conditions or past wrist trauma increase CTS risk. 9, 53, 66 The additional risk factors of awkward or sustained UE postures also contribute to hand/wrist tendinitis, strains, and sprains, 92, 97 which are the most common UE WMSDs. 20, 49 UE WMSDs have a higher prevalence and incidence in women, especially those who work in the service industries and who have psychosocial stress at work. 40, 62, 66 Age alone does not appear to account for increased incidence of hand and wrist disorders in the absence of other risk factors, but aging can increase risk of WMSDs. 40, 53 While a substantial proportion of all WMSDs occur in the manufacturing industries nationally, they may be related to predominant nonmanufacturing industries locally, including manual labor, service industries, and office work. 40, 85, 100 Computer users who are exposed to heavy use (more than 20 h/wk) of the mouse are at increased risk for CTS 4 and other UE WMSDs, 57 and increasing hours of computer work or beginning a new job with high computer use demands are associated with increased risk of WMSDs. 4, 57, 59 While epidemiological studies enable identification of risk factors, high-risk occupations, and even, to some extent, dose-response relationships between risk factors and the prevalence and incidence of WMSDs, they can tell us nothing about the underlying pathophysiological mechanisms leading to these disorders. Furthermore, it is impractical as well as unethical to sample tissues from workers suffering from WMSDs or healthy control subjects. Therefore, studies of tissue pathophysiology must be carried out in animal models. In the next section of this review, we will summarize findings in animal models and, to the extent available, human studies that investigate the 1mechanisms of tissue injury, degeneration, and repair and associated behavioral effects in WMSDs.
PATHOPHYSIOLOGY OF WMSDs Evidence of Musculoskeletal Injury and Inflammation in WMSDs
Animal models of repetition-induced tendinopathies show paratendon inflammation and cellular proliferation, increased production of matrix components, tendon degeneration, and functional losses (Table 3) . Human studies examining tendon and sheath biopsies collected from patients with chronic tendinopathies or CTS (Table 4) find marked tendon and sheath degeneration and fibrosis in combination with inflammatory or proliferative changes. 8, 29, 47, 51, 88 In animal models, marked tendon injury is dependent on force, frequency, and duration of repetitive exposure (Table 3) . Tendon necrosis and matrix disorganization are found only in studies utilizing intensive repetitive kicking or intensive running combined with tendon compression. 10, 31, 101, 102 Inflamma- • See Table 5 tory changes are more prevalent than degenerative changes in animal models of tendinopathies and suggest that inflammatory/proliferative changes appear early, before overt signs of tissue injury. 7, 10, 12, 77, 102 Discrete signs of injury may precede inflammation in tendons or their sheaths. 12, 52 In models of chronic repetitive motion, tendon inflammation eventually subsides and is followed by a fibrotic response that may lead to complete tissue repair if loads or repetition are sufficiently low. 6, 7, 12, 14 Progressive functional impairments develop with chronic repetitive tasks and accompany signs of tissue injury (Table 3) . 31, 77, 101, 102 Neurogenic changes normally associated with pain are found in both human and animal models of tendinosis and may be another cause of behavioral decline. 2, 3, 77 Although muscles appear to be more adaptive than tendons, chronic repetition results in inflammatory cell infiltration, myofiber splitting, and fibrotic replacement of injured myofibers in both human and animal models of WMSDs (Tables 4 and 5) . 12, 42, [103] [104] [105] Studies by Stauber et al 103, 104 indicate that repeated muscle strains at slow strain rates lead to tissue adaptation, but that repeated strains at fast velocities result in a variety of myopathic changes including fibrosis. Increasing the exposure and duration of repeated forced-lengthening leads to significant decreases in muscle mass and myofiber area and further increases in noncontractile tissues. 105 In our model of UE WMSDs in the rat, we found evidence of injury and inflammation with performance of a high-repetition negligible-force (HRNF) reaching task (Tables 3 and 5) . 12, 13, 15 Increased immunohistochemical expression of hsp 72, an indicator of cellular distress and injury, is elicited in the lumbricals and their connective tissues. 15 Macrophage infiltration is observed not only in the muscles of the entire reach forelimb, but also in those of the nonreach forelimb and the hindlimb. Macrophage infiltrates peak after 5 to 6 weeks of task performance and then decline, despite continued performance of the task, 12 presumably due to the normal course for resolution of the inflammatory response. The bilateral effect may be due to use of the nonreach limb for postural support or to a cytokine-mediated systemic inflammatory response.
Cytokines are proteins involved in mediating the immune response, hematopoiesis, inflammation, and bone resorption. Interleukin-1 (IL-1), for example, is a proinflammatory cytokine produced and secreted by immune cells (eg, infiltrating macrophages and neutrophils), as well as a variety of other cell types, including fibroblasts, myocytes, and synoviocytes, in response to tissue injury. The induction of IL-1 and other cytokines is orchestrated by a variety of paracrine and autocrine mechanisms. A serum increase of a proinflammatory cytokine is indicative of a chronic and/or systemic inflammatory reaction in the body. 12, 13 We observed that serum levels of IL-1␣ increase significantly in rats that have performed the HRNF task for 8 weeks.
12,13 Thus, both a local (macrophage infiltration in the reach limb) and a systemic inflammatory response are occurring in response to continued performance of a highrepetition task. In contrast, serum IL-1␣ does not change in rats performing a low-repetition negligibleforce (LRNF) task. 13 We hypothesize that the net cytokine production in the LRNF group allows for the maintenance of homeostasis through the resolution of an acute inflammatory response. The level of repeated incidents of mechanical injury to the tissues in the HRNF group, on the other hand, leads to a net production of IL-1␣ and is indicative of a chronic and systemic inflammatory phase.
The injury and inflammatory changes in our model are accompanied by motor behavior degradation. 12, 13, 33 In HRNF animals, motor performance declines and alternative movement patterns emerge. A maladaptive raking pattern is observed in 100% of HRNF animals 2 weeks after the peak inflammatory response. This pattern is characterized by a lack of digit closure and repeated clumsy attempts to gain control of the food pellet. 12 These results indicate that, although the inflammatory response subsides, motor degradation continues to progress.
The effects of repeated mechanical loading and cyclic strain on bone have been studied in humans and in animal models (Tables 4 and 6 ). Studies of rats running on treadmills 18, 19, 50, 78 and performing repetitive jumping 114 have shown that increasing the intensity of weight-bearing exercise is associated with diminishing returns in biomechanical competence, mass, and bone morphology of vertebral and limb bones. Periosteal and marrow edema as well as tibial stress fractures have been reported in runners with shin splints. 51 We are only beginning to understand the mechanism(s) of pathophysiological bone responses to repetitive-reaching movements. In our rat model, periosteal bone sites of muscle and interosseous ligament attachments show evidence of pathological woven, or immature, bone formation in HRNF animals. 16 These changes are greater in the distal than in the proximal forelimb bones, greater in the reach than in the nonreach limb, and greater at muscle attachments to bone than at ligament attachment sites or sites without attachments.
Based on the studies reviewed above and summarized in Tables 3 through 6 , WMSDs are induced by the performance of highly repetitive tasks with or without forceful exertions. Many tissue types are involved, including tendon, muscle, loose connective tissue, and bone. Early, discrete tissue injury stimulates an acute inflammatory response that may resolve with tissue repair in the presence of low repetition and low force, or that may be followed by tissue degeneration and fibrosis leading to scarring in the presence of high-repetition and/or high force or other extrinsic risk factors (such as tendon impingement). Furthermore, inflammatory effects may be systemic, which may explain some of the nonspecific pain syndromes affecting workers with complaints of WMSDs who are frequently not taken seriously by health care providers. 49 Behavioral declines in animal models coincide with the inflammatory response, but appear to persist despite tissue repair. This latter finding is consistent with WMSDs in humans and merits investigation of other causes of such persistent behavioral decline. We will now turn to evidence of peripheral nerve injury in WMSDs.
Evidence of Peripheral Nerve Injury in WMSDs
Most experimental work on the response of nerve to mechanical loading involves the study of acute or chronic loads, and may thus overlook the importance of repetition per se on the development of nerve lesions. Only 2 experimental studies examined this question, and they arrive at conflicting conclusions. Szabo and Sharkey 108 applied fluctuating pressures to rat tibial nerve and reported that only the mean level of pressure was important in causing conduction block. In contrast, Watanabe et al 117 elongated rat brachial plexus by 8% in static or cyclic loading and found that cyclic loading had more pronounced effects on grip strength, compound action potential amplitude, and integrity of the blood-nerve barrier. It is unclear whether this difference in findings is related to the type of loading (compression versus elongation) or to other factors.
The mechanisms of nerve injury via compression are complex. Compression may cause mechanical disruption of nerve structures, as well as indirectly compromise function by restricting vascular perfusion. Experimental evidence suggests that several processes are involved, depending on the magnitude and duration of nerve loading. Although described separately, it is likely that several of the following phenomena affect nerve anatomy and function in repetitive-motion injury.
Under localized compression, mechanical disruption of axons and myelin may occur. Dyck et al 45 found that endoneurial fluid, axoplasm, and myelin were displaced away from regions of rat peroneal nerve that were acutely pressurized. At the site of compression, there was an increase in the distance between nodes of Ranvier and distortion of myelin lamellae. These observations suggest that the elevation of pressure within the carpal tunnel may cause direct mechanical disruption of saltatory conduction or interfere with normal axoplasmic transport. In the median nerves of aged guinea pigs (a species in which spontaneous nerve compression occurs) 5, 54 there is a similar distortion of myelin away from the carpal region, again suggesting that pressure has a direct effect on nerve function. 84 Blockage of axoplasmic transport by nerve pressure has been demonstrated in several studies in rabbits. 86, 95, [35] [36] [37] [38] Rydevik et al 95 showed that 50 mm Hg pressure applied to the vagus nerve for 2 hours was sufficient to reversibly block transport, and that the block achieved at greater pressures (200 and 400 mm Hg) persisted for 1 to 3 days following pressure release. Using a similar model, Dahlin and coworkers [35] [36] [37] [38] showed that pressures as low as 30 mm Hg could block axoplasmic transport and induce histological changes after 7 days. Dahlin et al 34 also demonstrated that the transport mechanisms remained affected 14 days after compression at 200 mm Hg.
Normal nerve function requires metabolic energy, both to maintain the ionic gradients across the membrane necessary for propagation of the action potential and to power axoplasmic transport. In acute studies of anoxia, axonal conduction began to fail after approximately 11 minutes. 39, 48 Pressures as low as 20 to 30 mm Hg reduce nerve blood flow, 94 so it is likely that the pressures observed in the carpal tunnel of patients with CTS (mean, 32 mm Hg) 55 may limit nerve perfusion. Motor conduction latency decreased immediately upon surgical release in patients with CTS, suggesting that pressure in the tunnel had restricted nerve perfusion prior to surgical release. 46 The blood-ner ve barrier is formed by the perineurial membrane and by endothelial cells in endoneurial capillaries, which are connected by tight junctions. 69 This barrier, which normally limits the passage of macromolecules, is disrupted by compression, 93 resulting in intraneural edema. Lundborg et al 70 report that compression of rat sciatic nerve at 30 mm Hg for 2 hours resulted in increased endoneurial pressure at 1 and 24 hours after compression was released. Powell and Meyers 90 found that endoneurial edema occurred within 4 hours after pressure release, and persisted for 28 days. Edema may further increase the pressure on endoneurial capillaries and restrict blood flow. 98 Disruption of the blood-nerve barrier has also been described in chronic experiments in which a nerve is banded with a cuff of silastic tubing (Table 5) . 73, 74 Ner ve compression can also cause axonal demyelination and degeneration. Rydevik and Nordborg 96 found evidence of demyelination 3 weeks after 2 hours of compression at 200 and 400 mm Hg in rabbit tibial nerve. Powell and Meyers 90 found demyelination and Schwann cell necrosis in rat sciatic nerve 7 days after acute compression at 30 mm Hg. Demyelination has also been reported in chronic ner ve-banding experiments on rats and monkeys. 72, 74, 83 Mackinnon et al 74 found degeneration after 1 month of chronic banding of rat sciatic nerves with small-diameter cuffs, and evidence of fiber regeneration after 3 months (Table 5 ). They did not observe fiber degeneration when larger cuffs were used. O'Brien et al 83 report degeneration of fibers in rat sciatic nerve after 8 to 24 months using a large-diameter cuff. Signs of Wallerian degeneration have also been reported in the median nerves of aged guinea pigs. 5, 54, 84 Wallerian degeneration and regeneration are generally considered to occur only in advanced stages of CTS. 56, 71 However, in our study of repetitive reaching, rat median nerves showed infiltrating macrophages, which remove damaged myelin, 32,87 by 3 weeks of task performance and myelin degradation by 9 weeks (Table 5) . 33 Chronic nerve compression may also induce neural fibrosis. Nerve banding experiments have shown that moderate chronic compression leads to thickening of the epineurium and the perineurium in rats and monkeys. [72] [73] [74] 83 In our model of repetitive reaching, there was increased deposition of collagen in the epineurium by 8 weeks of task performance. 32, 33 We also observed widespread expression of connective tissue growth factor, a mediator of fibrosis, by Schwann cells and intraneural fibroblasts. In 1 animal that had performed the task for 10 weeks, there was a connective tissue nodule surrounding the nerve at the wrist. Thus, chronic nerve compression leads to fibrotic changes within and surrounding the nerve. Fibrosis may affect nerve function by directly compressing the axons, by compressing the vascular supply, or by entrapping the nerve and thus preventing normal nerve gliding. 60, 71 Such entrapment may lead to traction injury. Entrapped peripheral nerves are more susceptible to injury at other sites, for which the term ''double crush syndrome'' has been coined. 61, 115 This increased susceptibility, which has been confirmed experimentally, 41, 82 likely reflects defects in axonal transport affecting the entire length of the axon. 69 Carpal tunnel pressure is elevated when the wrist is placed in flexion or extension or when performing actions such as making a fist or holding objects. 55, 99 It is thus likely that repetitive hand movements cause compression of the median nerve. The early development of nerve pathology in CTS is thought to involve disruption of the blood-nerve barrier following ischemia, with the resulting edema leading to fibrosis, demyelination, and in severe cases, Wallerian degeneration. 56, 69, 71, 107 Other effects of pressure on the nerve, such as distortion of myelin and axoplasm, and interference with axoplasmic transport may also play a role. Altered nerve function may explain the persistent behavioral changes in patients with WMSDs and may also contribute to reorganization of sensory and motor pathways within the central nervous system (CNS), which we discuss in the next section.
TABLE 6.
Selection of rat models of WMSDs or chronic/excessive exercise in which bone tissues were examined.
Authors Model

Findings for Each Study Categorized Based on Tissue and Functional Changes
Bourrin et al, 1994 18 • Treadmill running, 5-wk-old rats • High magnitude reps, long-duration task: 105 min/d at 30 m/min by week 9; 11 wk 10°g rade, 80% VO 2 max
• Site-specific cancellous bone adaptation ‡
• ↑ bone loss (↑ activated osteoclasts and eroded surfaces) and ↓ osteoid thickness; ↓ longitudinal tibial bone growth • ↑ woven bone at bone-periosteum at tendon/ ligament attachment sites; ↑ activated osteoclasts and macrophages at same sites at 3-6 wk ʈ
• See Table 4 
Evidence of CNS Reorganization in WMSDs
Neuroplasticity refers to the persistent anatomical or physiological changes in a neuron that occur during development, regeneration, experimental manipulations, or repeated activity across a synapse. There is evidence of such neural reorganization at multiple levels of the CNS following skill learning, chronic pain, peripheral inflammation, peripheral nerve injury, and performance of repetitive tasks (Tables 4 and 7) .
Chronic pain, inflammation, and peripheral tissue injury result in repeated activation and/or chronic overstimulation of nociceptive afferents terminating in spinal cord dorsal horns. The sustained nociceptive afferent barrage causes a greater release of excitatory neuropeptides and amino acids from these terminals than that which occurs during acute events. 44 The nociceptors become hypersensitive, 76 expand their receptive fields, and increase the excitability of secondary neurons in the spinal cord. These changes contribute to the hyperalgesia associated with chronic pain and inflammation. Pathological changes in the neural input to the CNS also result in reorganization of brainstem and cortical regions (Table 4) . Examination of somatosensory-evoked responses following ulnar nerve stimulation in patients with chronic CTS shows increased amplitudes in the spinal cord, brainstem, and sensoricortical regions carrying information from the ulnar nerve ipsilateral to the median nerve lesion. 110 Magnetic source imaging of the cortex of a patient with CTS revealed an invasion of areas normally representing the median nerve with areas representing ulnar and radial nerves. 43 These results indicate that structural and physiological changes can occur throughout the central neuroaxis following chronic nerve compression.
The CNS can be profoundly affected by the performance of repetitive hand-intensive movements. There is strong evidence that repetitive tasks alone can lead to degradation of the somatosensory cortex in monkeys, 25, 26, 28, 111 rats, 91 and humans (Table 4) . 22, 24, 27 In the primate model of repetitive grasping, electrophysiological mapping of the primar y somatosensory cortex (the region of the dorsal parietal cortex designated as area SI) reveals a dedifferentiation of the hand region with shifted or degraded digit-receptive fields. [23] [24] [25] 111 These changes are associated with movement dysfunctions. However, use of proximal muscles and variable strategies result in less SI degradation and improved motor control. 111 In humans, degradation of hand representations also occurs with focal hand dystonia. 22, 24, 27 The severity of focal hand dystonia positively correlates with the ratio of the mean amplitude to latency of the somatosensory evoked potential (SEP) in the SI cortex. 27 Furthermore, degradation of the digit representation is not isolated to just SI, but also involves secondary somatosensory and posterior parietal cortices. 22 A loss of spatial discrimination in the form of gap detection and single-touch localization has also been observed. 11 Rehabilitation techniques for patients with focal hand dystonia that include sensory discriminative training have been reported to improve sensorimotor function. 23, 30, 118 Findings of CNS reorganization associated with peripheral tissue injury and inflammation and with repetitive stereotyped movements have important implications in the rehabilitation of individuals with WMSDs. Along with scarring (fibrosis) and decreased function of peripheral nerves, somatotopic dedifferentiation of sensorimotor receptive fields probably contributes to maladaptive movement patterns and Repetitive power reaching in rats: progressive increase in maximum size pasta bundle that could be retrieved; 30-d training period ↑ Proportion of motor cortex occupied by distal wrist/digit representation, ↓ elbow/shoulder representation in power-reaching and control rats compared to nonreach rats Abbreviations: WMSDs, work-related musculoskeletal disorders; SI, primary somatosensory cortex; UE, upper extremity; MI, primary motor cortex.
FIGURE.
Schematic diagram showing the 3 primary pathways hypothesized to lead to work-related musculoskeletal disorders caused by repetitive and/or forceful hand-intensive tasks. Interrelationships between components of these pathways are indicated, which illustrates the pathomechanical complexity that may contribute to pain, discomfort, and functional loss. Clinicians need to be aware of all of these mechanisms to plan effective interventions or respond to unexpected or unsatisfactory treatment outcomes. See Summarizing Thoughts and Working Hypotheses section for a detailed explanation of these pathophysiological pathways. (CNS, central nervous system.) the potential for increased peripheral tissue injury due to imprecisely controlled and inefficient movements. These behavioral consequences have been observed in both animals 12, 13, 15, 23, 26, 28, 33, 111 and humans. 22, 24, 27, 43, 110 Failure by health care providers to recognize such central phenomena in patients could lead to poor treatment outcomes and contribute to long-term disability and loss of income.
SUMMARIZING THOUGHTS AND WORKING HYPOTHESES
Hand and wrist WMSDs represent a substantial proportion of work-related illnesses and are associated with relatively high medical costs and loss of work. They are caused by the chronic performance of highly repetitive hand-intensive tasks, especially those involving high levels of force. Based on this review of the literature, we hypothesize that the performance of repetitive and/or forceful hand-intensive tasks may induce WMSDs through 3 primary pathways: (1) CNS reorganization, (2) tissue injury or compression, and (3) tissue reorganization. These pathways are depicted in the Figure, which also indicates hypothesized connections to the pathomechanisms directly responsible for pain and dysfunction. The paragraphs that follow will elaborate upon these 3 pathways.
Central Nervous System Reorganization
Central nervous system changes can result from the performance of highly repetitive tasks, both in the presence and the absence of chronic pain, peripheral tissue inflammation, and/or peripheral nerve compression (Figure) . In some cases, such as focal hand dystonia, such central reorganization may be unaccompanied by peripheral tissue injury. 111 Corroborating evidence exists for central reorganization in patients with focal hand dystonia and includes changes in SEPs at all levels of the central neuroaxis, 22, 27, 43, 110 as well as loss of spatial discrimination. 11 Such neuroplasticity interferes with normal sensation and movement, which may further increase the effects of continued exposure to repetitive tasks. 
Increased susceptibility
Peripheral nerve compression and tissue inflammation can also induce central neuroplasticity (Figure) , although the relative contribution of such a mechanism with respect to the performance of repetitive motion alone may be impossible to discern when these conditions coexist. Sensorimotor degeneration in patients diagnosed with CTS is well known. 63 Three recent studies of sensorimotor function among office workers exposed to heavy computer use are particularly relevant to the persistent controversy surrounding the causal role of computers in WMSDs. Tremblay et al 112 found that female frequent computer users performed worse in manual acuity bilaterally and in manual dexterity of the right (dominant) hand than did occasional computer users. Jensen et al 64 found decreased vibrotactile sense in the median and ulnar nerve distributions and decreased pinch strength with the forearm pronated in symptomatic workers in jobs with heavy computer use, compared with asymptomatic workers in jobs with light computer use. No other differences were found in strength, endurance, or hand-eye coordination. Greening and Lynn 58 compared heavy computer users with WMSDs to at-risk office workers with heavy computer use and asymptomatic controls with light computer use and found decreased vibration sense in both the median and ulnar nerve distributions in the WMSD group, and in the median nerve distribution in the at-risk group. Keyboard use for 5 minutes resulted in further decreased vibration sense in subjects with WMSDs. Furthermore, most workers with WMSDs experienced decreased tolerance to suprathreshold stimulation compared to those without WMSDs.
While the results of the above studies could indicate the early onset of median nerve entrapment among workers with jobs requiring heavy computer use, they also may indicate alternative injury mechanisms. For example, involvement of the ulnar nerve in symptomatic individuals might indicate central reorganization due to altered peripheral nerve input. 110 Hyperalgesia and preserved motor function in the presence of impaired sensation might indicate central sensitization 76 or sensory cortical field expansion. 24, 27 Positive findings in the nondominant hand might indicate a systemic inflammatory response. 12 For any of these alternatives, confirmation of a positive relationship between intensity of computer use and decreased conduction velocity of the median nerve would be diluted or absent, because the primary mechanism underlying symptoms would not necessarily include loss of peripheral nerve function. While computer use may not be a major cause of work-related CTS (an assertion still under heated debate), it may nonetheless be an important risk factor in the development of WMSDs.
Tissue Injury or Compression
Highly repetitive and/or forceful motions cause injury to the musculoskeletal system and peripheral nerves (Figure) . This initial tissue injury is usually localized and discrete (Tables 3-6 ). The severity of injury is dependent on force, frequency, and duration of repetitive exposure. Serum markers of injury have been found in patients with WMSDs. Freeland et al 52 detected increased serum malondialdehyde, an indicator of cell distress, in patients with CTS. Kuiper et al 65 found higher levels of biomarkers of collagen anabolism in a group of student nurses with high numbers of patient-handling tasks.
The tissue injury leads to localized, acute inflammatory responses (Figure) that include edema, macrophage infiltration, and increased production of proinflammatory cytokines and other inflammatory mediators by injured cells and invading immune cells (Tables 3-6) . Although the inflammatory process may resolve with complete repair of the injured tissues at low enough levels of repetition and force, tissue scarring can also accompany the healing process. Continued exposure to the initiating stimulus (such as a highly repetitive task) can lead to chronic inflammation and then to a chronic fibrotic state (Figure) . Fibrotic changes within tissues may subsequently increase the susceptibility of those tissues to further injury with continued exposure, even to decreased levels of repetition and force. 41, 61, 82, 115 Animal studies also reveal the involvement of multiple body systems in WMSDs. Work in our laboratory shows a widespread increase in phagocytic macrophages in many musculoskeletal tissues, and a circulatory distribution of inflammatory mediators as a result of performance of highly repetitive motions. 12, 13 Thus, inflammatory mediators may be widely distributed via the circulatory system and lead to a systemic inflammatory response to the task.
Although it remains to be seen whether serum markers of inflammation are present in patients with WMSDs, one possible consequence of the circulatory distribution of inflammatory mediators in WMSDs is a widespread increased susceptibility of tissues to previously innocuous physical stress (Figure) . In such a case, tissue injury would occur at a lower exposure threshold. This circulatory mechanism might explain the nonspecific pain syndromes with which patients sometimes present and which are frequently dismissed by health care providers. 49 
Tissue Reorganization
Repetitive loading of bones, muscles, and tendons leads to adaptive remodeling of these tissues (Figure;  Tables 3, 4 , and 6). However, the consequence of excessive repetitive loading may be pathological remodeling/reorganization of the tissues. For example, we showed pathological remodeling of bone tissues into immature, woven bone at sites of tendon and ligament attachments in both the dominant and nondominant UE of rats performing highly repetitive reaching. 16 Furthermore, Soslowsky 102 showed that continued exposure to repetitive loading in a treadmill-running rat model of rotator cuff tendinitis leads to a decrease in the biomechanical tolerance of the tendon. Such a change can result in an increased susceptibility of the tissues to further reorganization and injury with continued exposure (Figure) .
CONCLUSION
Hand and wrist WMSDs represent a substantial proportion of work-related illnesses and are associated with relatively high medical costs and loss of work. Based on our review of the literature and our own work in a rat model, we have identified 3 primary pathophysiological mechanisms involved in the development of WMSDs. All of these pathways, either in isolation or in combination, may cause pain, discomfort and/or loss of function in patients with WMSDs ( Figure) . In the case of both systemic (circulatory) and CNS mechanisms, effective treatment should extend far beyond the customary focus on musculoskeletal and peripheral nerve tissues specifically involved in occupational tasks. The wise clinician should consider all such mechanisms when confronted with a patient who has complex, confusing signs and symptoms or who experiences disappointing treatment outcomes.
